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ABSTRACT

Pseudomonas aeruginosa uses N-acyl-homoserine lactone (AHL)-dependent quorum sensing (QS) systems to control the expres-
sion of secreted effectors. These effectors can be crucial to the ecological fitness of the bacterium, playing roles in nutrient acqui-
sition, microbial competition, and virulence. In this study, we investigated the metabolic consequences of AHL-dependent QS by
monitoring the metabolic profile(s) of a lasI rhlI double mutant (unable to make QS signaling molecules) and its wild-type pro-
genitor as they progressed through the growth curve. Analysis of culture supernatants by 1H-nuclear magnetic resonance (1H-
NMR) spectroscopy revealed that at the point where AHL concentrations peaked in the wild type, the metabolic footprints (i.e.,
extracellular metabolites) of the wild-type and lasI rhlI mutant diverged. Subsequent gas chromatography-mass spectrometry
(GC-MS)-based analysis of the intracellular metabolome revealed QS-dependent perturbations in around one-third of all identi-
fied metabolites, including altered concentrations of tricarboxylic acid (TCA) cycle intermediates, amino acids, and fatty acids.
Further targeted fatty acid methyl ester (FAME) GC-MS-based profiling of the cellular total fatty acid pools revealed that QS
leads to changes associated with decreased membrane fluidity and higher chemical stability. However, not all of the changes we
observed were necessarily a direct consequence of QS; liquid chromatography (LC)-MS analyses revealed that polyamine levels
were elevated in the lasI rhlI mutant, perhaps a response to the absence of QS-dependent adaptations. Our data suggest that QS
leads to a global readjustment in central metabolism and provide new insight into the metabolic changes associated with QS dur-
ing stationary-phase adaptation.

IMPORTANCE

Quorum sensing (QS) is a transcriptional regulatory mechanism that allows bacteria to coordinate their gene expression profile
with the population cell density. The opportunistic human pathogen Pseudomonas aeruginosa uses QS to control the produc-
tion of secreted virulence factors. In this study, we show that QS elicits a global “metabolic rewiring” in P. aeruginosa. This met-
abolic rerouting of fluxes is consistent with a variety of drivers, ranging from altered QS-dependent transcription of “metabolic
genes” through to the effect(s) of global “metabolic readjustment” as a consequence of QS-dependent exoproduct synthesis, as
well as a general stress response, among others. To our knowledge, this is the first study of its kind to assess the global impact of
QS on the metabolome.

The gammaproteobacterium Pseudomonas aeruginosa is widely
distributed in the environment (1, 2). The organism is a hu-

man pathogen and is responsible for a range of acute infections,
urinary tract infections, and respiratory infections (3). In addi-
tion, it is also associated with certain chronic infections, such as
those that often develop in the airways of cystic fibrosis patients (4,
5). Such exquisite adaptability to different niches requires a complex
regulatory hierarchy and an extremely versatile metabolism; indeed,
P. aeruginosa is the ultimate generalist (6, 7). The bacterium can
grow on a wide variety of substrates, although it has a particular
predilection for amino acids (and alanine in particular [8]).

P. aeruginosa is the archetypal “secretor”; it exports an arsenal
of proteins and small molecules, which collectively allow the bac-
teria to both shape and infer their environment (7, 9). The expres-
sion of many secreted virulence factors and secondary metabolites
(as well as many other genes) is under the control of an N-acyl
homoserine lactone (AHL)-dependent quorum sensing (QS) sys-
tem (10, 11). The P. aeruginosa QS system is somewhat more com-
plex than most, involving two interconnected AHL-dependent
signaling pathways (12, 13). At the top of the hierarchy in P.
aeruginosa is the Las signaling system (14, 15). In the Las system,
N-3-oxo-dodecanoyl-L-homoserine lactone (OdDHL) is synthe-
sized by LasI. Once OdDHL has accumulated beyond a critical

threshold concentration in the culture, it binds to a transcrip-
tional regulator, LasR, thereby eliciting a set of LasR-dependent
gene expression changes. Subordinate to the Las signaling system
is the Rhl signaling system (16). Here, N-butanoyl-L-homoserine
lactone (BHL) is synthesized by the signal synthase RhlI. BHL
binds to the response regulator RhlR, eliciting a further set of gene
expression changes (some of which overlap with the Las pathway).
In laboratory growth conditions, these two arms of the P. aerugi-
nosa AHL QS system are intimately connected and regulate one
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another (14, 17). Strains defective in Las or Rhl signaling show
reduced virulence, and considerable research has been concen-
trated on developing antimicrobials that interfere with these sys-
tems (18–23).

Population-level coordination of gene expression (mediated
through QS) and metabolic plasticity both appear to be crucial to
the lifestyle of P. aeruginosa, especially during the invasion of new
niches. Not surprisingly then, several lines of evidence suggest that
QS may impinge on the metabolic network of the cell. For exam-
ple, transcriptomic and proteomic studies have pinpointed QS-
dependent changes at key branchpoints in central metabolism
(24, 25), and metabolic functions are represented among the
“core” list of QS-regulated genes in P. aeruginosa (7, 18, 26). How-
ever, it is difficult to draw quantitative conclusions about the met-
abolic consequences of such gene expression changes without
measuring the metabolites involved (7, 18, 27–29).

Recent work suggests that QS-mediated regulation of meta-
bolic functions may have important (and sometimes unexpected)
phenotypic consequences. For example, recent work by Goo et al.
(30) has shown that in Burkholderia species, at least one metabolic
change that is directly regulated by QS confers a clear benefit on
the population. Oxalate synthesis (which is upregulated by QS in
Burkholderia species) counteracts alkalization of the medium as
the cell density rises. One interpretation of these findings is that
the organism is “anticipating” problems associated with over-
crowding, as the culture approaches carrying capacity. QS-depen-
dent control of metabolism may also have more subtle effects. For
example, QS controls the production of both “public” goods (i.e.,
secreted factors that can also be exploited by the non-QS bacteria
that cohabit the niche) and “private” goods (i.e., “nonshared”
intracellular metabolites). Dandekar et al. (31) showed that by
bringing the synthesis of intracellular (private) goods under QS
control, a metabolic “incentive” to cooperate is generated, which
penalizes the appearance of “social cheats” (lasR mutants). Nev-

ertheless, and in spite of the wealth of data accruing that suggests
that QS and metabolism are tightly linked, to the best of our
knowledge, no previous workers have attempted to quantify the
global impact of QS on the metabolic profile of the population.

In the current work, we used nuclear magnetic resonance
(NMR) spectroscopy, gas chromatography-mass spectrometry
(GC-MS), and liquid chromatography-mass spectrometry (LC-
MS) to quantitatively profile low-molecular-weight metabolites
in a signal-null lasI rhlI mutant and in its wild-type progenitor.
Given the relative simplicity of the extracellular metabolome, 1H-
NMR spectroscopy was used to monitor the metabolic footprint
of cultures throughout the growth curve. This revealed a clear
divergence in the metabolic trajectory of the wild type compared
to the lasI rhlI mutant which coincided with the peak in AHL
signaling molecule concentration in the wild type. Since the sen-
sitivity of 1H-NMR analysis is relatively limited, to gain a deeper
insight into QS-dependent changes in the metabolome, we used a
higher-resolution approach (GC-MS) to measure the metabolite
profile in cellular fractions at key time points bracketing the met-
abolic divergence. This, in turn, prompted the use of more-tar-
geted analyses (fatty acid methyl ester [FAME] GC-MS and
LC-MS methods) to further investigate the impact of QS on fatty
acid, polyamine, and amino acid metabolites. Taken together, the
results of these analyses revealed that AHL-dependent QS (or its
consequences) results in global perturbations in most major do-
mains of metabolism.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains, plasmids,
and bacteriophage used in this study are listed in Table 1. All experiments
were conducted using either P. aeruginosa strain PAO1 or a lasI rhlI mu-
tant derived from this strain. We constructed the lasI rhlI mutant “fresh”
using previously described suicide plasmids (32). This resulted in a lasI
rhlI mutant strain with insertional inactivations of both the lasI and rhlI

TABLE 1 Bacterial strains, plasmids, and bacteriophage used in this study

Bacterial strain, plasmid, or
bacteriophage Description or relevant genotype or phenotypea

Reference
or source

P. aeruginosa strains
PAO1 Wild-type PAO1 from the laboratory of John S. Mattick (University of Queensland, Australia) 32
PAO1 �lasI::Gmr PAO1 with the Gmr cartridge inserted into the unique EcoRI site of lasI This study
PAO1 �rhlI::Tetr PAO1 with the Tcr cartridge inserted into the unique EcoRI site of rhlI This study
PAO1 �lasI::Gmr �rhlI::Tetr Double mutant generated by using �PA3 to transduce (first) the Tetr marker from strain PAO1 �lasI::

Tetr and (second) the Gmr marker from strain PAO1 �rhlI::Gmr to PAO1
This study

E. coli strains
S17-1 thi pro hsdR recA chr::RP4-2 71
JM109 F= traD36 proA�B� lacIq �(lacZ)M15 �(lac-proAB) glnV44 e14� gyrA96 recA1 relA1 endA1 thi hsdR17 37

Plasmids
pSB219.8A pRIC380 carrying lasI::Gmr on the SpeI fragment from pSB222.7A 32
pSB224.12B pRIC380 carrying rhlI::Tcr on the SpeI fragment from pSB224.8A 32
pSB536 BHL biosensor 37
pSB1075 OdDHL biosensor 38
pQF50 Broad-host-range transcriptional fusion vector; Cbr lacZ incP 72
p�01 pQF50 derivative containing lasB-lacZ transcriptional fusion 73
p�02 pQF50 derivative containing rhlA-lacZ transcriptional fusion 73

Bacteriophage �PA3 P. aeruginosa generalized transducing phage 33
a Abbreviations: Tcr, tetracycline resistance; Gmr, gentamicin resistance; Cbr, carbenicillin resistance.
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signal synthase genes. QS mutants of P. aeruginosa are known to accumu-
late secondary mutations in other global regulators, e.g., vfr or algR. To
ensure that the double mutant was otherwise isogenic with the wild-type
progenitor and to reduce the possibility of unlinked accrued secondary
mutations being responsible for the observed metabotype(s), we trans-
duced the relevant markers into a wild-type strain using bacteriophage
�PA3 as described in reference 33.

Unless otherwise indicated, bacteria were grown in alanine-glycerol-
salts medium supplemented with yeast extract (AGSY medium) (56 mM
alanine, 17 mM K2HPO4, 86 mM NaCl, 100 �M CaCl2, 10 mM MgSO4, 5
�M FeCl2, 7.5 �M ZnCl2, 0.5% [vol/vol] glycerol, 3 g/liter yeast extract
[pH 7.0]). Specific growth rates were calculated by linear regression in R
3.1 (34) by fitting log-transformed optical density at 600 nm (OD600) data
during the exponential portion of growth from 0 h to 3 h. Analysis of
covariance (ANCOVA) was used to test for significant differences in
growth rates.

Planktonic cell cultures were prepared by washing cells from overnight
cultures in fresh medium, resuspending them to an OD600 of 0.05 in 50 ml
fresh medium, and then incubating them in 500-ml conical flasks at 37°C
with vigorous aeration in an orbital shaker (300 rpm). All samples for
metabolomic analysis were snap frozen in liquid nitrogen immediately
after extraction and stored at �80°C. Each biological replicate was sam-
pled hourly to generate the data presented in Fig. 1, 2, and 3. A different
bacterial culture was used to generate the data points underlying the data
shown in Fig. 4 and 5 in order to provide sufficient material for analysis.

Complementation assays were performed using synthetic AHLs
(kindly provided by James Hodgkinson and David Spring, Department of
Chemistry, University of Cambridge, United Kingdom). OdDHL and
BHL were dissolved in dimethyl sulfoxide (DMSO) and added to growth
media at final concentrations of 15 �M and 10 �M, respectively. An equal
volume of DMSO was added to the noncomplemented cultures.

Transcriptional fusion assays. Transcriptional activity from the lasB
and rhlA promoters was assayed using promoter-lacZ fusions. The plas-
mids pQF50, p�01, and p�02 (Table 1) (kindly supplied by Junichi Kato,
Graduate School of Advanced Sciences of Matter, Hiroshima University,
Japan) were introduced into P. aeruginosa by the protocol of Choi et al.
(35). Cultures were grown in 50-ml AGSY medium (containing 250
�g/ml carbenicillin) at 37°C with good aeration (shaking at 250 rpm).
�-Galactosidase activity was measured by the protocol of Ramsay et al.
(36). The fluorogenic substrate 4-methylumbelliferyl-�-D-galactoside
(catalog no. M1095; Melford) was used at a final concentration of 0.25
mg/ml. Fluorescence was measured using a SpectraMax Gemini XPS flu-
orescence plate reader (Molecular Devices, Sunnyvale, CA) as follows:
360-nm excitation; 450-nm emission; cutoff, 435 nm; reading every 30 s
for 20 min at 37°C. �-Galactosidase activity was calculated as relative
fluorescence units (RFU) per second and normalized to the OD600 of the
corresponding sample.

Quantification of extracellular metabolites and AHLs. Cells and cell
debris were removed by centrifugation (6,000 � g, 20 min, 4°C). A 1.5-ml
aliquot of the upper part of the supernatant was filtered (0.2-�m pore
size) (Sartorius Minisart Sterile EO filters; Sartorius AG, Göttingen, Ger-
many), and 1 ml of this aliquot was dried overnight in a Speed Vac (Sa-
vant) and then stored at �80°C.

To quantify BHL, Escherichia coli JM109(pSB536) was grown over-
night at 37°C with shaking in LB broth containing 50 �g/ml carbenicillin.
This overnight culture was then subcultured into LB with a 1:10 dilu-
tion (37). Once the subculture had grown to an OD600 of 0.5, 100 �l was
transferred to a 96-well sterile white opaque microtiter plate (Greiner
Bio-One, Germany) containing 100 �l sterile supernatant from the test
culture. The microtiter plate was incubated statically at 30°C, and biolu-
minescence readings were taken after 3 h using a luminometer (Lucy1;
Anthos Labtec Instruments, Austria). The same protocol was used to
monitor OdDHL with the following modifications: E. coli JM109
(pSB1075) was grown overnight at 30°C with 10 �g/ml tetracycline (38),
the microtiter plate was incubated at 30°C, and bioluminescence readings

were taken after 4 h of incubation. Synthetic OdDHL and BHL (kindly
provided by James Hodgkinson and David Spring, Department of Chem-
istry, University of Cambridge, United Kingdom) were used to generate
standard curves. Neither reporter strain generated detectable signal in
response to their noncognate AHL.

1H-NMR spectroscopy of extracellular metabolites. Dried samples
were reconstituted in 600 �l D2O buffered with sodium phosphate (pH
7.0, 0.24 M) supplemented with 1 mM sodium 3-trimethylsilyl-2,2,3,3-
tetradeuteriopropionate (TSP) (Cambridge Isotope Laboratories Inc.,
Andover, MA) and then transferred to 5-mm-internal-diameter NMR
tubes for analysis. Samples were analyzed using a Bruker Avance II�
spectrometer operating at 500.13 MHz for the 1H frequency (Bruker,
Coventry, United Kingdom) equipped with a 5-mm broad-band inverse
probe (Bruker). Spectra were acquired using a conventional solvent sup-
pression pulse sequence based on a one-dimensional (1D) nuclear Over-
hauser spectroscopy (NOESY) pulse sequence, which was used to saturate
the residual water 1H signal (39). The solvent suppression pulse was ap-
plied during the relaxation delay (2 s) and mixing time (150 ms). The
spin-lattice relaxation time (T1) was 3 �s. A total of 128 transients were
collected into 32,768 data points over a spectral width of 16.0 ppm at
300K. Spectra were processed using Advanced Chemistry Development
(ACD) SpecManager 1D NMR processor (version 8; ACD Inc., Toronto,
Canada). Spectra were multiplied by an exponential window function and
then Fourier transformed from the time to frequency domain (line broad-
ening 	 0.3 Hz). Spectra were phased, baseline corrected, and referenced
to the TSP singlet at 
 	 0 ppm, and integrated between 0.1 and 4.45 ppm
and 4.60 and 9.60 ppm over a series of 0.01 ppm integral regions (thereby
excluding the TSP and H2O resonances). Each spectral region was nor-
malized to the integral of the TSP singlet at 
 	 0 ppm. Metabolites were
identified by comparison with in-house reference data.

GC-MS analysis. Cellular metabolites were extracted using a modified
version of the methanol-chloroform extraction described in reference 39.
A volume of bacterial culture equivalent to 2.9 � 1010 viable cells was
pelleted by centrifugation (5,000 � g, 5 min, 4°C), washed twice with 10
ml of 0.9% NaCl, then resuspended in 900 �l of a 2:1 (vol/vol) mixture of
methanol and chloroform. The cells were further disrupted by tip sonica-
tion (24 2.5-s bursts on ice). Chloroform (300 �l) and water (300 �l) were
added, and the samples were mixed by vortexing (30 s). Insoluble material
was pelleted by centrifugation (6,000 � g, 20 min). The aqueous (top) and
organic (bottom) fractions were separated, and aliquots (300-�l and
200-�l volume, respectively) were dried overnight in a Speed Vac concen-
trator (Savant). Aliquots of the aqueous phase of chloroform-methanol
cell extracts were derivatized first with methoxyamine hydrochloride in
pyridine (30 �l, 20 mg ml�1 solution, 17 h, 22°C) and then with N-
methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) (30 �l, 1 h, 22°C).
An aliquot (50-�l volume) of the derivatized sample was added to 50 �l
hexane before analysis. GC-MS analysis was performed using a Thermo
Trace GC Ultra gas chromatograph coupled to a Thermo Trace DSQ
single quadrupole mass spectrometer (Thermo Scientific, Waltham, MA).
One microliter of the derivatized sample was injected onto a 5%-phenyl-
95%-dimethylpolysiloxane Zebron column (30 m [length] by 0.25 mm
[internal diameter]; 0.25-�m film thickness [df]) (Phenomenex, Inc.,
Torrance, CA). A 35-min chromatography method was used with an ini-
tial temperature of 70°C, ramped to 130°C (at 10°C min�1), then to 230°C
(at 5°C min�1), and finally to 310°C (at 20°C min�1).

For total fatty acid profiling, aliquots of the organic phase of chloro-
form-methanol cell extracts were dissolved in chloroform-methanol (1:1;
500-�l volume) and boron trifluoride in methanol (10%; 125-�l volume)
and heated to 80°C for 90 min (39, 40). Samples were vortexed with
deionized water (200 �l) and hexane (400 �l). The organic (top) layer was
removed, dried, and reconstituted in 100 �l hexane prior to analysis. Two
microliters of derivatized sample was injected onto a 100% polyethylene
glycol Zebron column (30 m by 0.25-mm-internal diameter; 0.25 �m df)
(Phenomenex, Inc., Torrance, CA). Analytes were separated using a 38-
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min chromatography method with an initial temperature of 60°C,
ramped to 150°C (at 10°C min�1), and finally to 230°C (at 4°C min�1).

All GC-MS data were processed using Qual Browser and Quan
Browser of Xcalibur version 2.0 (Thermo Scientific, USA). The peaks were
individually integrated and normalized to the total peak area for each
spectrum. Metabolites were identified by comparison of retention times
and MS fragmentation patterns with in-house reference data and libraries
available in the National Institute of Standards and Technology (NIST)
Mass Spectral Search Program (version 2.0). Commercially available
mixed FAME standards were used to aid assignment of FAMEs (food
industry FAME mix; Sigma-Aldrich, United Kingdom).

LC-MS assay of amino acid and polyamine metabolites. Amino acid
and polyamine analytes were derivatized with chloroformate using the
EZ:faast amino acid analysis (AAA) MS kit (Phenomenex, United King-
dom) and analyzed using methods reported in reference 41. Briefly, ali-
quots of the aqueous phase of chloroform-methanol cell extracts were
reconstituted in 100 �l phosphate-buffered saline (PBS) containing ho-
moarginine, methionine-D3, and homophenylalanine as internal stan-
dards. Following extraction and derivatization using the EZ:faast kit, ana-
lytes were reconstituted in 100 �l of a 1:2 (vol/vol) mixture containing 10
mM ammonium formate in water and 10 �M ammonium formate in
methanol. Analytes were separated using a Waters Acquity UPLC system
(Waters, United Kingdom) and mass spectrometric data collected using a
Waters Quattro Premier XE Triple Quadrupole mass spectrometer
equipped with an electrospray source and operated in positive ionization
mode as described in reference 41. Multiple reaction monitoring (MRM)
was used to quantify analytes, monitoring specific transitions for each
analyte. At least 15 data points across each analyte peak were used for
quantification. A sample containing known concentrations of chemical
standards for each analyte was run at the beginning and end of the LC-MS
analysis to enable calibration. Raw data were processed using Waters
QuanLynx software version 4.1 (Waters, USA). Responses were calculated
relative to the internal standard homophenylalanine, and concentrations
were calculated from mean-averaged calibration curves of each analyte.

Data analysis. The order of all samples was randomized prior to data
analysis. Unpaired Student’s t tests (with no equal-variance assumption)
were used to calculate statistical significance. The Benjamini-Hochberg
correction, � 	 0.1, was applied to control the false discovery rate (42).

Principal component analysis (PCA) was performed using
SIMCA-P� 11.5 (Umetrics, Umeå, Sweden). NMR data were Pareto
scaled: each variable was mean centered and then multiplied by 1/Sk,
where Sk is the standard deviation of the variable. This scaling increases
the contributions of variables with low means to the model, without in-
troducing excessive noise. Metabolic perturbations were identified by
analysis of the corresponding loadings plots. The robustness of all princi-
pal component models was assessed using R2 values (i.e., the fraction of
variance explained by the components).

RESULTS
The metabolic footprints of P. aeruginosa PAO1 and a signal-
deficient lasI rhlI mutant diverge at the point where AHL con-
centrations peak in the wild type. Cultures of P. aeruginosa PAO1
and of an isogenic lasI rhlI mutant were grown aerobically in ala-
nine-glycerol-salts medium supplemented with yeast extract
(AGSY medium [43]), and the profiles of OdDHL and BHL were
measured (Fig. 1a). The two strains grew at the same rate during
exponential growth (growth rate [�] 	 1.12 h�1), but during early
stationary phase (between 4 and 6 h), the lasI rhlI mutant achieved
an optical density which remained ca. 15 to 25% higher than that
of the wild type for the remainder of the time course (P � 0.05 at
each time point from 5 to 10 h, Student’s t test) (Fig. 1a). In the
wild type, the OdDHL concentration in the culture supernatant
peaked after 4 h growth. The BHL concentration peaked slightly
later, after 5 h growth. The concentrations of both AHLs declined

thereafter (presumably due to alkalization of the growth medium
[44]). No AHLs were detected in the supernatant of the lasI rhlI
mutant culture. In parallel, cell-free supernatants from each strain
were harvested throughout the growth curve and analyzed by 1H-
NMR spectroscopy. Subtle differences in the profiles of NMR-
visible metabolites in the culture supernatants of each strain were

FIG 1 Cell growth and extracellular metabolic profiles of wild-type P. aerugi-
nosa and the lasI rhlI mutant. (a) Growth curves (circles), OdDHL production
(triangles), and BHL production (squares) by the wild type (filled symbols)
and the lasI rhlI mutant (open symbols). Data are presented as means � stan-
dard deviations (error bars) for six biological replicates. (b) Uptake of
nutrients and secretion of secondary metabolites is observable in 1H-NMR
spectra of bacterial supernatants. (c) QS-dependent promoter activity in
the wild type and lasI rhlI mutant. Promoter activity was measured as
�-galactosidase activity encoded by p�01 (the PlasB reporter) and p�02 (the
PrhlA reporter). �-Galactosidase activity symbols: black bars, P. aeruginosa
PAO1 carrying p�01; white bars, PAO1(p�02); stippled bars, lasI rhlI mutant
carrying p�01; hatched bars, lasI rhlI mutant(p�02). Growth curve symbols:
filled circles, PAO1(p�01); filled squares, PAO1(p�02); open circles, lasI rhlI
mutant(p�01); open squares, lasI rhlI mutant(p�02).
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apparent, especially at the later time points (representative spectra
taken after 1, 7, and 10 h of growth are shown in Fig. 1b). Given
that QS is a transcriptional regulatory mechanism, we also assayed
(in separate cultures, containing antibiotic selection) the pro-
moter activity of lasB and rhlA, genes whose expression is known
to be primarily dependent on OdDHL and BHL, respectively. This
was done using the pQF50-based lacZ reporter constructs, p�01
(to measure PlasB promoter activity) and p�02 (to measure PrhlA

activity). The �-galactosidase gene expression driven by PlasB and
PrhlA was negligible in the lasI rhlI mutant background. In con-
trast, in the wild-type background, PlasB activity rose sharply be-
tween 4 and 6 h growth, and PrhlA activity increased between 5 and
7 h of growth (Fig. 1c), corresponding well with the accumulation
of OdDHL and BHL, respectively (Fig. 1a).

To identify latent patterns in the 1H-NMR data, we used prin-
cipal component analysis (PCA). This revealed that the “meta-
bolic footprints” (45) of the wild-type and QS mutant were essen-
tially indistinguishable until 5 h of growth (Fig. 2), corresponding
to the point at which AHL concentrations peak in the wild type.
Following this, the footprints diverged. This was especially notice-
able with the variables contributing toward principal components
2 and 3 (Fig. 2b and c). We conclude that there is a good correla-
tion between the onset of QS-dependent gene expression (Fig. 1c)
and the metabolic divergence seen in the footprint data (Fig. 2).

The lasI rhlI mutant takes up alanine faster and excretes
more acetate. Inspection of the loadings underpinning the plot of
PCA scores shown in Fig. 2 revealed two key variables driving
divergence of the metabolic footprints between 5 and 7 h of
growth in the lasI rhlI mutant compared to the wild type: (i) in-
creased uptake of alanine (Fig. 3a) and (ii) increased levels of
excreted acetate (Fig. 3b). In addition, and as noted above, the lasI
rhlI mutant also grew to a higher overall cell density (Fig. 1a).
These data suggest that the lasI rhlI mutant assimilated carbon
more efficiently over this period. The reduced efficiency of carbon
assimilation by the wild type could be explained by QS-dependent
diversion of cellular resources toward secreted factors (46). How-
ever, while this would account for differences in output (re growth
yield and acetogenesis) it does not explain differences in input (re
uptake of alanine).

Perturbations to central metabolism revealed by cellular
metabolic profiling. We reasoned that the divergence in meta-
bolic footprint of the wild-type and QS mutant after 5 h of growth
was likely driven by differences in the intracellular metabolic ac-
tivity of each strain. To investigate this, we analyzed the water-
soluble fraction of cell extracts by GC-MS. Four sampling points
were chosen to bracket the metabolic footprint divergence, which
occurred at an OD of 3. These sampling points were ODs of 1.5,
2.5, 4.5, and 6.5. We selected sampling points based on optical
density in order to account for differences in growth rates between
the strains. Consistent with the footprinting data, the metabolic
profiles of the wild-type and mutant strains were essentially iden-
tical at an OD of 1.5 and OD of 2.5 (Fig. 4). However, between an
OD of 2.5 and OD of 4.5, the concentrations of about one-third of
the 90 identified metabolites in the GC-MS analysis had become
altered in the mutant (see Table S1 in the supplemental material).
Key metabolites were affected in central carbon, amino acid, nu-
cleic acid, fatty acid, and membrane metabolism, pointing to
widespread metabolic retuning driven by AHL-dependent QS.
For example, citrate and malate concentrations were both in-
creased in the lasI rhlI mutant at an OD of 4.5, and by the time an

OD of 6.5 was attained, other tricarboxylic acid (TCA) cycle in-
termediates, such as succinate and fumarate, were also more
abundant. As the central hub of metabolism, the TCA cycle not
only oxidizes carbon sources, it also provides anabolic precursors
for biosynthesis. The reallocation of cellular resources toward the
synthesis of AHL-induced secreted factors may explain the deple-
tion of TCA intermediates in the wild type and may also help to
account for its small but consistent lower growth yield relative to
the lasI rhlI mutant.

AHL signaling induces fatty acid cyclopropanation and in-
creased acyl chain length. The GC-MS analysis revealed that in
the lasI rhlI mutant, the concentrations of six out of the seven
identified fatty acids were altered relative to the wild type at either
an OD of 4.5 or an OD of 6.5: the levels of 2-hydroxypentanedioic

FIG 2 Latent patterns in 1H-NMR spectroscopy metabolic footprints of wild-
type P. aeruginosa (�) and the lasI rhlI mutant (Œ) revealed by principal
component analysis. Principal components 1, 2, and 3 explain 86%, 6.5%, and
2.9% of variation in the data (R2), respectively. Data are presented as means �
standard deviations (error bars) for six biological replicates.
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acid were higher in the mutant, whereas the levels of 3-hydroxyde-
canoic acid, hexadecanoic acid, octadecanoic acid, nonanoic acid,
and a monounsaturated fatty acid which we could not unambig-
uously identify were all lower in the mutant. To gain a better
picture of the impact of QS on fatty acid metabolism, we used fatty
acid methyl ester (FAME) GC-MS to analyze the total fatty acid
content in the organic-phase extracts of the cells (Table 2). Con-
sistent with our earlier observations, the wild-type and QS mutant
fatty acid profiles were nearly identical before diverging at the onset of
stationary phase. The fatty acid profile of wild-type cells (Fig. 5a) at
later time points showed trends similar to those reported previously
to be associated with stationary-phase adaptation, namely, increased
fatty acid cyclopropanation (diamonds) and saturation (circles) with
a concomitant reduction in the level of cis-unsaturated fatty acids
(squares) (47–49).

The lasI rhlI mutant showed a pattern of fatty acid saturation
similar to that of the wild type. However, the degree of fatty acid
cyclopropanation was less than half that of the wild type (Fig. 5b).
Moreover, the average acyl chain length of fatty acids in the QS
mutant decreased at higher optical densities, whereas they re-
mained essentially unchanged in the wild type (Fig. 5c). This
shortening of average acyl chain length was mainly driven by a
lower 18:1/16:1 cis-unsaturated fatty acid ratio. Chemical comple-
mentation of the lasI rhlI mutant with synthetic AHLs restored the
fatty acid profile toward wild-type levels (Table 2). Interestingly,
cyclopropanation was more responsive to BHL than to OdDHL,
suggesting that this may be more a consequence of Rhl signaling
than Las signaling. These data suggest that AHL-dependent QS
induces wild-type cell membranes to become less fluid and more
chemically stable as the cells progress into stationary phase.

Polyamine concentrations are elevated in the lasI rhlI mu-
tant. Our GC-MS analysis of aqueous cell extracts indicated that
amino acid and polyamine metabolism differ between the wild-
type and mutant: 9 out of 22 amino acids or related metabolites
were altered at an OD of 4.5. To investigate this further, we used a
targeted LC-MS method to measure amino acid and polyamine
metabolites in aqueous cell extracts harvested at an OD of 1.5 and
an OD of 4.5 (see Table S2 in the supplemental material). One
striking result was that the concentrations of putrescine and sper-
midine and their precursor ornithine were lower in wild-type cells
than in lasI rhlI mutant cells during stationary phase (by 4-fold,
5-fold, and 1.8-fold, respectively): whereas the concentrations of
these metabolites in the wild type decreased during the transition
from exponential- to stationary-phase growth, concentrations in
the lasI rhlI mutant remained more constant. Addition of BHL
(and to a lesser extent also OdDHL) to lasI rhlI cultures decreased
the stationary-phase concentrations of putrescine and spermidine
toward wild-type concentrations (see Table S2). Interestingly, or-
nithine levels increased in the complemented lasI rhlI mutant.

DISCUSSION

Although there have been several proteomic and transcriptomic
analyses of QS in P. aeruginosa (27–29), to our knowledge, no
previous studies have examined the impact of QS on the small-
molecule profile of this organism. In the current work, we redress
this situation by showing that QS gives rise to substantial changes
in most major domains of metabolism.

Several lines of evidence suggest that QS, a transcriptional
regulatory system, may impact metabolic functions. For exam-
ple, Schuster et al. (28) showed that QS positively controls
glycogen phosphorylase (glgP), glycogen branching enzyme
(glgB), and glycogen synthase (PA2165; glgA) transcription,
perhaps indicating mobilization or remodeling of stored en-
ergy reserves. Consistent with this, the results of our GC-MS
analysis revealed that a large number of sugars and sugar phos-
phates were perturbed in the lasI rhlI mutant (see Table S1 in
the supplemental material), suggesting a general restructuring
of carbohydrate metabolism. Schuster et al. also showed that
glyceraldehyde 3-phosphate dehydrogenase (gapA) is posi-
tively QS regulated. Such a bottleneck at GapA in the lasI rhlI

FIG 3 Concentrations of alanine (a) and acetate (b) measured by 1H-NMR
spectroscopy in culture supernatants of wild-type P. aeruginosa (�) and the
lasI rhlI mutant (Œ). Data are presented as means � standard deviations for six
biological replicates. Values that are significantly different by two-tailed Stu-
dent’s t test are indicated by asterisks as follows: *, P � 0.05; **, P � 0.01.

FIG 4 Principal component analysis of the intracellular metabolic profiles of
wild-type P. aeruginosa (filled symbols) and the lasI rhlI mutant (open sym-
bols). Samples were taken at an OD600 of 1.5 (circles), 2.5 (squares), 4.5 (tri-
angles pointing up), and 6.5 (triangles pointing down). Metabolic profiles
were obtained by MSTFA derivatization followed by GC-MS analysis of the
aqueous phase of methanol-chloroform extractions. Principal components 1
and 2 explain 33% and 17% of variation in the data (R2), respectively.
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mutant could explain why we observed an accumulation of
glycerophosphate in this mutant (glycerophosphate becomes
converted to dihydroxyacetone phosphate and thence to glyc-
eraldehyde 3-phosphate by GlpD and triose phosphate isomer-
ase, respectively). Indeed, although there is substantial varia-
tion in the QS-controlled transcriptome depending on the
growth conditions used, after excluding transcripts encoding
secreted factors, transcripts encoding functions in central in-
termediary metabolism and fatty acid/phospholipid metabo-
lism are by far the most extensively modulated functional class
in the “core” (i.e., conserved across multiple studies) QS regu-
lon (7). Interestingly, the Las signaling system appears to pre-
dominantly control the expression of genes involved in central
intermediary metabolism, whereas the Rhl system regulates
genes involved in fatty acid metabolism (7). Consistent with
this, the data in Table 2 indicate that chemical complementa-
tion of lasI rhlI mutant cultures with BHL alone elicited larger
changes in the cellular fatty acid pool than complementation
with OdDHL alone. Moreover, we note that one of the most

consistently upregulated QS-dependent genes across all mi-
croarray studies is fabH2, encoding 3-oxoacyl-ACP (acyl car-
rier protein) synthase III, involved in fatty acid synthesis. In
addition, atoB (acetyl coenzyme A [acetyl-CoA] acetyltrans-
ferase), rhlA [3-(3-hydroxyalkanoyloxy) alkanoic acid syn-
thase], and phaC2 [poly(3-hydroxyalkanoic acid synthase)]—
all of which would be expected to influence the composition of
the fatty acid/fatty acyl-CoA/fatty acyl-ACP pool—are QS reg-
ulated in most or all microarray analyses (18, 27, 28). Taken
together, these data indicate that QS has a major impact on
fatty acid metabolism and that at least some of this is likely
driven by QS-dependent changes in the expression of the genes
involved. However, beyond generalizations, it was difficult to
correlate many of the metabolic changes that we observed with
changes in the level of specific transcripts reported in earlier
microarray studies. This may reflect the different growth con-
ditions used in this work compared with previous microarray
studies or the fact that as has been pointed out previously (7,
29), there is not always a good correlation between the tran-

TABLE 2 Fatty acid profiles of bacterial cells as determined by FAME GC-MS analysis

Characteristic and fatty
acida

Mean value for characteristicb % complementationc

OD600 of 1.5
OD600 of
2.5 OD600 of 4.5 OD600 of 6.5 OD600 of 1.5 OD600 of 4.5

WT LIRI WT LIRI WT LIRI WT LIRI BHL OdDHL
BHL �
OdDHL BHL OdDHL

BHL �
OdDHL

% of total for individual or
types of fatty acids

12:0 0 0 0 0.1 0.1 0 0.4 0.2** NS NS NS 97**2 35**2 109**2
14:0 1.5 1.7** 1.5 1.8** 1.2 2.2** 2.3 3.5** NS NS 128*2 76**2 43**2 102**2
7Z-14:1 0.1 0.1 0 0 0 0 0.1 0.1** NS NS NS 84**2 53**2 92*2
9Z-14:1 0.2 0.1 0.2 0.2 0.2 0.1 0.6 0.5 NS NS NS NS NS NS
15:0 0.2 0.3 0.3 0.3 0.2 0.2 0.2 0.2 NS NS �287*1 NS 86*1 203*1
16:0 39 39 39 38.8 40.2 41.6** 38.3 41.7** NS NS NS NS NS 135*2
9Z-16:1 18 18.7** 18 19** 14.4 18.4** 10.1 15.7** NS NS NS 69**2 28**2 82**2
17:0 0.1 0.1 0.1 0.1** 0.1 0.1** 0.3 0.3 NS NS 19,353*1 46**1 29**1 126*1
9cyc-17:0 0.3 0.3 0.3 0.3 1.6 1** 3.5 2.1** 46**1 NS 116*1 64**1 24**1 44**1
18:0 5.2 5.1 5.6 5.2 4.9 4** 14 10.7** NS NS 132**1 57**1 NS 73*1
11Z-18:1 35.2 34.5** 34.6 34 35.6 31.9** 26.7 24.1** NS NS 172*1 62**1 34**1 111**1
11cyc-19:0 0.1 0.1** 0.1 0.1 1.2 0.4** 3.5 0.7** 2**1 NS 112*1 54**1 16**1 52**1
13Z-22:1 0.1 0.1 0.1 0.1 0.1 0** 0.2 0.2 NS NS NS NS NS NS
Sum SFA 46 46.2 46.6 46.3 46.8 48.1** 55.5 56.6 67*2 NS 245*2 43**2 36**2 128**2
Sum CUFA 53.5 53.4 53 53.3 50.4 50.5 37.6 40.5** NS NS NS NS NS 314*1
Sum CPFA 0.5 0.3** 0.4 0.4 2.9 1.4** 7 2.8** 27**1 NS 115*1 59**1 20**1 48**1

ACCL 16.8 16.8** 16.8 16.7 16.8 16.7** 16.8 16.6** NS NS 166*1 62**1 32**1 101**1

C18/C16 ratio
All 0.7 0.7** 0.7 0.7 0.7 0.6** 0.9 0.6** NS NS 173**1 57**1 28**1 102**1
SFA 0.1 0.1 0.1 0.1 0.1 0.1** 0.4 0.3** NS NS 148**1 52**1 NS 80*1
CUFA 2 1.8** 1.9 1.8** 2.5 1.7** 2.7 1.5** NS NS 144*1 60**1 26**1 90**1
CPFA 0.4 0.3** 0.4 0.3 0.8 0.4** 1 0.4** NS NS NS 56**1 16**1 80**1
CUFA � CPFA 1.9 1.8** 1.9 1.8** 2.3 1.7** 2.2 1.4** NS NS 145*1 61**1 27**1 95**1

a Individual fatty acids are indicated according to the carboxyl reference system; for example, “9Z-16:1” indicates a fatty acid with a 16-carbon acyl chain containing a cis C	C
double bond at the ninth position from the carboxyl carbon (hexadec-9-enoic acid, or palmitoleic acid). Abbreviations: SFA, saturated fatty acid; CUFA, cis-unsaturated fatty acid;
CPFA, cyclopropane fatty acid; ACCL, average carbon chain length.
b Values for the wild type (WT) and the lasI rhlI mutant (LIRI) are shown. Values that are significantly different (P � 0.01) from the WT value by two-tailed Student’s t test are
indicated (**).
c Percent complementation was calculated as the percentage return toward the wild-type phenotype (values are shown only where P � 0.05). Values that are significantly different
from the value for the lasI rhlI mutant by two-tailed Student’s t test are indicated by asterisks as follows: *, P � 0.05; **, P � 0.01. Values that are not significantly different (NS) are
also indicated. Arrows pointing up and down indicate an increase or decrease in response to chemical complementation compared to the lasI rhlI mutant, respectively.
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scriptional and posttranslational effects of QS. Moreover, met-
abolic control theory tells us that even relatively modest
changes in enzyme activity (which may be influenced not only
by the expression level of the enzyme but also by allosteric
factors, etc.) can have a disproportionately large impact on
metabolite concentrations.

Why should QS influence metabolism? Dandekar et al. have
suggested that by bringing “private goods” such as intracellular
metabolic functions under QS control, the emergence of “social

cheats” may be suppressed (31). While this may indeed be the case
for a select number of specific metabolic enzymes, we do not be-
lieve that this explanation accounts for the large-scale metabolic
perturbations observed in the current study. A more prosaic ex-
planation is that certain intracellular metabolic pathways are re-
quired for production of the biosynthetic building blocks that are
needed for QS-controlled exoenzyme and secondary metabolite
synthesis, so it makes sense to bring these under QS control. A
related, but subtly different explanation is that the reallocation of
existing resources—the “metabolic rewiring”—which accompa-
nies QS-dependent upregulation of exoenzyme and secondary
metabolite synthesis may itself lead to a global metabolic readjust-
ment. One final contributory factor is that some QS-regulated
metabolic genes might play a protective role; as noted by Schuster
et al. (28), this may explain why, e.g., the glucose-6-phosphate
dehydrogenase-encoding gene, PA3183, is regulated by QS. Our
observation that the wild type displayed increased fatty acid satu-
ration, chain length, and cyclopropanation (compared with the
lasI rhlI mutant) upon entry into the stationary phase is consistent
with QS playing a role in the response to membrane stress.

That QS-regulated products are metabolically costly and are
likely to impose an energetic burden on the producer was nicely
illustrated by Sandoz et al. (50), who cocultured wild-type P.
aeruginosa and a lasR mutant under conditions in which QS-de-
pendent extracellular proteases are required for growth. The lasR
mutant (which could exploit the secreted proteases—“public
goods” made by the wild type) grew approximately 60% faster
than its wild-type counterpart (50). Consistent with the additional
biosynthetic load imposed by QS, we found that wild-type cul-
tures grew to a lower final optical density than the lasI rhlI mutant
(especially following the period 4 to 6 h postinoculation, when
AHL concentrations peaked). The redirection of metabolic re-
sources away from central metabolism and toward QS-dependent
biosynthesis may, in part, explain why the wild type was more
depleted of TCA cycle intermediates compared with the lasI rhlI
mutant. In addition, 1H-NMR spectroscopy footprinting revealed
that the profile of extracellular low-molecular-weight compounds
in the lasI rhlI mutant and wild-type cultures began to diverge
after 4 to 6 h growth. This divergence was driven mainly by a
decrease in the uptake of alanine by the wild type coupled with
reduced (net) excretion of acetate (compared with the lasI rhlI
mutant). Acetogenic overflow occurs when the influx of reduced
carbon into cells exceeds the catabolic capacity of the TCA cycle
and the electron transfer chain (51). Conversion of acetyl-CoA to
acetate by phosphate acetyltransferase and acetate kinase yields
ATP and recycles coenzyme A, thereby relieving CoASH bottle-
necks (e.g., at 2-ketoglutarate dehydrogenase) and supporting
higher growth rates (52). One explanation for the lower excreted
acetate levels in wild-type culture supernatants is that acetogenic
fermentation is depressed due to a QS-dependent increase in the
capacity for cellular oxidative phosphorylation, perhaps mediated
by AHL-regulated redox shuttles such as phenazines (53) and up-
regulated expression of the cytochrome oxidases coxAB and
cyoAB, as well as genes in the Entner-Doudoroff pathway (18, 25,
27, 28). An alternative explanation is that since excreted acetate
can be reassimilated once other carbon sources have been ex-
hausted, the lasI rhlI mutant might exhibit impaired acetate up-
take. Interestingly, in Vibrio fischeri, QS has been previously
shown to directly control this “acetate switch” by stimulating the
expression of acetyl-CoA synthetase (ACS) (encoded by acsA),

FIG 5 Fatty acid profiles of wild-type P. aeruginosa (filled symbols) and lasI
rhlI mutant (open symbols) cells as determined by fatty acid methyl esterifica-
tion (FAME) and subsequent GC-MS analysis. (a) Saturated fatty acids (cir-
cles), cis-unsaturated fatty acids (squares), and cyclopropane fatty acids (dia-
monds) in the wild type. (b) Cyclopropane fatty acids (CPFAs). (c) The
average carbon chain length (ACCL) of fatty acids. Data are presented as
means � standard deviations for six biological replicates. Values that are sig-
nificantly different by two-tailed Student’s t test are indicated by asterisks as
follows: *, P � 0.05; **, P � 0.01. The data in the figure are based on data
presented in Table 2.
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required for acetate uptake and assimilation (54). However, in P.
aeruginosa, acsA is one of the few genes that is QS repressed (28,
29), so we favor a model in which acetogenesis is depressed by QS
in the wild type.

Bacteria tune the properties of their membranes by regulating
fatty acid biosynthesis and by directly modifying existing mem-
brane lipids (55). cis C	C double bonds disrupt acyl chain pack-
ing in membrane bilayers and are vulnerable to peroxidation (56).
By increasing the length and saturation of lipid acyl chains, bacte-
ria adapt their membranes to higher temperatures, nutrient depri-
vation, and resistance to membrane stressors such as lipophilic
solvents, acids, and reactive oxygen species (57–61). Like other
Gram-negative bacteria, P. aeruginosa can cyclopropanate cis-
monounsaturated lipid acyl chains by inserting methylene groups
across their C	C double bonds; this allows rapid adaptation of
membrane properties without metabolically costly de novo fatty
acid synthesis (62, 63). Cyclopropane acyl chains are chemically
stable and appear to have effects similar to those of cis-monoun-
saturated fatty acids on membrane fluidity (64). Cyclopropana-
tion of unsaturated fatty acyl chains occurs in response to nutrient
deprivation (48, 64, 65) and can increase resistance to membrane
stressors, including reactive oxygen species and low pH (56, 62,
66). Consistent with previous studies, we observed increased fatty
acid saturation, chain length, and cyclopropanation as the wild-
type PAO1 strain entered stationary phase (48, 63). However, in
the lasI rhlI mutant, the average acyl chain length decreased upon
entry to stationary phase, and the degree of cyclopropanation was
half that of the wild type. These phenotypes were complemented
by the addition of exogenous AHLs. Our data therefore indicate
that QS contributes toward the development of a less fluid and
more chemically stable membrane as the culture exits exponen-
tial-phase growth. We do not yet know whether this is a direct or
indirect consequence of QS.

We also observed that polyamine levels were decreased by
AHL-dependent QS. Polyamines are multifunctional molecules
associated with a variety of stress responses, notably against oxi-
dative stress (67, 68). Polyamines execute these functions by di-
verse means, including modulating gene expression, modifying
the activities of cell membrane components, and by scavenging
free radicals. By sequestering free radicals, polyamines can protect
cell components (especially GC-rich DNA) against reactive oxy-
gen species (ROS)-induced stress. In the wild type, QS is known to
elicit increased expression of enzymes involved in ROS detoxifi-
cation, such as superoxide dismutases (Mn-SOD and Fe-SOD),
the major catalase KatA (69), and NADPH-generating glucose-6-
phosphate dehydrogenase (NADPH is required for the synthesis
of glutathione). Indeed, it has been suggested recently that since
they are “private goods,” the expression of these detoxification
enzymes is another key factor suppressing the appearance of “so-
cial cheats” in the population (70). Since these enzymes would no
longer be upregulated in the lasI rhlI mutant, we speculate that the
elevated levels of polyamines reflect an alternative metabolic re-
sponse to increased ROS-induced stress as the culture enters sta-
tionary phase.

In summary, we have shown here that QS has a major impact
on metabolism in P. aeruginosa. Almost every major domain of
metabolism was affected, with particularly notable changes asso-
ciated with carbohydrate, polyamine, and fatty acid/lipid metab-
olism. The changes that we observed seem to be consistent with a
variety of drivers, ranging from altered QS-dependent transcrip-

tion of “metabolic genes” to the effect(s) of global “metabolic
readjustment” as a consequence of QS-dependent exoproduct
synthesis and a general stress response, among others. However,
most of the metabolic changes that we observed could not be easily
inferred from inspection of available microarray data sets. This
reinforces the notion that multiple levels of regulatory control
impact on cellular physiology and that extreme caution should be
used when attempting to extrapolate from the transcriptome to
the metabolome (or vice versa).
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